Compression wood (CW), which is formed on the underside of conifer branches, exhibits a lower specific hydraulic conductivity (k s ) compared with normal wood. However, the first-formed tracheids of an annual ring on the underside of a conifer branch often share several properties with normal tracheids, e.g., thin cell walls and angular cross sections. These first-formed tracheids appear bright when observed by the naked eye and are therefore called light bands (LB). In this study, hydraulic and related anatomical properties of LBs were characterized and compared with typical CW and opposite wood (OW). Measurements were made on branches of Norway spruce (Picea abies (L.) Karst.). Specific hydraulic conductivity was measured with fine cannulas connected to microlitre syringes. Micro-and ultrastructural analysis were performed on transverse and radial longitudinal sections by light and scanning electron microscopy.
Introduction
Conifer wood, although dominated by only one cell type, the tracheid, is nonuniform. Xylem properties influence the mechanical as well as the hydraulic architecture of trees (e.g., Zimmermann 1978 ). Structural differences can be found even within annual rings (e.g., Gartner 1995 , Brändström 2001 , Domec and Gartner 2002a , 2002b because of the formation of earlywood and latewood or compression wood (CW).
Compression wood develops in leaning stems or on the underside of conifer branches to maintain stems or branches in equilibrium positions (e.g., Wilson and Archer 1977) . Compared with normal wood, typical CW has wider annual rings, shorter and narrower tracheids, and the cell wall is thicker and the cell more rounded in cross section (e.g., Côté et al. 1967 , Necesany and Oberländerova 1967 , Timell 1986 , Lee and Eom 1988 . Compression wood has a higher lignin content, but lower cellulose content than normal wood, and the tracheids exhibit thick S1 and S2 layers, but lack an S3 layer. Furthermore, the S1 and S2 microfibril angles of CW are higher than those of normal wood (e.g., Côté et al. 1967 , Necesany and Oberländerova 1967 , Gorisek and Torelli 1999 , Gindl 2002 , Brändström 2004 . Compression wood has only a few similarities with latewood of opposite wood (OW), either at the micro-or ultrastructural level (e.g., Timell 1986) .
Compression wood exhibits a lower specific hydraulic conductivity (k s ) compared with normal wood. Spicer and Gartner (1998b) demonstrated that lower branch halves of Pseudotsuga menziesii (Mirb.) Franco had only 68% of the k s of upper branch halves. In another study (Spicer and Gartner 1998a) , CW had 32% of the k s of OW, and induction of CW formation through bending of young trees resulted in a 52% reduction in k s (Spicer and Gartner 2002) . In branches of Picea abies (L.) Karst., k s was 79% lower in CW than in OW, whereas vulnerability to drought-induced embolism (e.g., Jackson and Grace 1994 , Tyree et al. 1994 ) was higher (Mayr and Cochard 2003) .
However, the CW region is not homogeneous. The chemical and morphological micro-and ultrastructure of first-formed tracheids of each annual ring can differ considerably from typical CW. Cieslar (1896 ( cited in Timell 1986 and Hartig (1896 cited in Timell 1986) described these "light bands" (LB), which can be observed macroscopically in cross sections of many conifer species. Tracheids within LBs exhibit thinner cell walls than typical CW tracheids, have angular cross sections and lack intercellular spaces (Timell 1986 ). Côté et al. (1967) showed that LB tracheids of P. abies and other conifers (Abies, Larix, Pseudotsuga) also lacked the helical cavities that are found in typical CW. Cieslar (1896 cited in Timell 1986) suggested that these LB tracheids serve primarily a hydraulic function, but this has yet to be demonstrated.
In this study, we used the "Micro-Sperry apparatus" (Mayr and Cochard 2003) , with the smallest cannulas available, to analyze k s of OW, CW and LBs. Because these cannulas were too wide to determine conductivities within the LBs, we compared k s of areas containing LBs and CW with areas comprising pure CW. Specific hydraulic conductivity of LBs and typical CW were calculated based on these hydraulic measurements. Hydraulic properties were correlated to microstructural (tracheid lumen cross-sectional area, bordered pit frequency and bordered pit aperture area) and ultrastructural analysis (helical thickening/spiral striations) of LBs, CW and OW. These analyses were made on Norway spruce (Picea abies) branches growing near the alpine timberline, where extreme gravity loads (e.g., snow loads in winter) and high wind speeds (e.g., Tranquillini 1979) induce the formation of CW.
Materials and methods
Norway spruce branches (up to 3 m in length and 2 kg in fresh mass) were harvested at Praxmar, Tyrol (1700 m, about 400 m below the tree line) in October 2003. Basal sections (length 0.4 m) were recut under water and transported to the laboratory in bottles filled with water.
Hydraulic conductivity
Specific hydraulic conductivity was determined with the measurement system described as the "Micro-Sperry apparatus" in Mayr and Cochard (2003) . Xylem segments (about 20 mm in length and up to 35 mm in diameter) of branches were prepared while immersed in distilled water. After the removal of bark, the inflow end of samples was sealed in a water-filled silicone tube. At the outflow end, sharpened, water-filled steel cannulas (Valu-Set 0.6 × 20 mm, Becton Dickinson Infusion Therapy Systems, Sandy, UT) were inserted 2 to 4 mm in the five youngest annual rings in OW, typical CW, as well as at CW-and LB-containing positions. Each cannula was connected to a microlitre syringe (25 µl; Hamilton, Bonaduz, Switzerland) with a short water-filled silicone tube and a three-way valve. The latter allowed us to set the syringe water column to a defined start point before each measurement: the water column was pushed forward or pulled back with a water-filled syringe (1 ml) connected to the three-way valve. Flow was calculated from volume changes in the syringe capillaries during the measurement period (usually between 2 and 10 min). Measurement pressure was set to 11 kPa (controlled by a glass capillary with a water column height of 1.1m). Conductivity measurements were made with distilled, filtered (0.22 µm) and degassed water containing 0.005% (v/v) "Micropur" (Katadyn Products, Wallisellen, Switzerland) to prevent microbial growth (Sperry et al. 1988) .
Specific hydraulic conductivity (m 2 s -1 Pa -1 ) was calculated as:
where Q is volume flow rate (m 3 s -1 ), l is segment length (m), A c is the inner cannula cross-sectional area (0.124 ± 0.005 mm 2 , determined from cross sections with an image analysis system (Optimas 6.0, Optimas, Washington, DC)), and ∆P is the pressure difference between the segment ends (Pa). Calculations were corrected to 20°C to account for changes in fluid viscosity with temperature.
Based on the conductivity measurements of areas including LBs, k s of LBs were estimated. Pictures of cross sections (see section entitled tracheid lumen area) were taken to simulate the cannula insertion. We analyzed the portion of CW areas within a circle (with an area identical to the lumen of the cannulas) based on the assumption that the LBs were situated exactly in the center. The k s of LBs (k sLB ) was calculated as:
where k s and A c are specific conductivity and area of the sample, respectively, k sCW and A CW are specific conductivity and area of CW, respectively, A LB is the area of the LB portion. We assumed that k sCW was identical to k s measured in non-LB containing CW regions.
Sample preparation for micro-and ultrastructural assessment
Blocks were cut from OW and the underside of the branch samples previously used for conductivity measurements. The blocks from the underside of branches contained both LBs and CW. Semi-thin (20-µm thick) transverse and radial longitudinal sections in the region of the five youngest annual rings were cut with a sliding microtome (Leitz, Wetzlar, Germany). Transverse sections to be used for microstructural characterization and determination of tracheid lumen area were stained with safranin and mounted permanently on glass slides in a 1:1 (v/v) glycerol and water solution. Radial longitudinal sections for microstructural characterization and pit frequency measurements were left unstained and mounted permanently on glass slides in a 1:1 (v/v) glycerol and water solution. Sections for ultrastructural characterization and bordered pit aperture area determination were mounted on stubs bearing doublesided cell-tape and allowed to air dry at room temperature. The stubs were coated with gold with a sputter device (Polaron, SEM coating unit E5100, Quorum Technologies, Newhaven, U.K.) and observed with an environmental scanning electron microscope (XL30 ESEM, Phillips, Eindhoven, The Netherlands) operating in conventional mode.
Tracheid lumen area
Transverse sections were observed with the aid of a light microscope (Leica, type DMLS, Leica, Mikroskopie and Systeme GmbH, Wetzlar, Germany). Digital images were acquired with a CCD camera (JVC 3-CCD type KY F55 color video camera, Victor Company of Japan, Tokyo, Japan) and image analysis software (Image Pro Plus 4.0, Media Cybernetics, Silver Spring, MD). After system calibration, color thresholds were set to delimit tracheid lumina. On each image, mean tracheid lumen area in first-formed cells (within the first five tracheid rows), in the center of annual rings as well as in the last-formed cells (within the last five tracheid rows) were determined from the sections from the upper and lower sides of branches, respectively. Mean hydraulic diameter (d h ) of LB and of OW earlywood (radial width identical to the mean width of LBs) was calculated according to Kolb and Sperry (1999) . Additionally, frequency distributions of tracheid lumen areas were analyzed with an image analysis system (Optimas 6.0, Optimas, Washington DC).
Bordered pit frequency
Radial longitudinal sections were observed in polarized light with a light microscope (Leica, type DMLB) with a 20× objective. Digital images were acquired with a CCD camera (Leica, type DC300 V2.0, Leica Microsystems AG, Heerbrugg, Switzerland) attached to the microscope. In each image, two parallel reference lines, 200 µm apart, were placed in areas lacking cross-field pits to count the number of bordered pits of longitudinal tracheids and to calculate pit frequency (number of pits per mm). This procedure was repeated until all tracheids of a radial file of a specific annual ring were counted. Tracheids of LBs were identified in the radial sections by their cell wall thickness, shape, absence of distinct helical cavities and by comparison with transverse sections of the same samples.
Bordered pit aperture area
The apertures of bordered pits were often ellipsoidal, especially in CW tracheids. Therefore, the major and minor axes (a and b; µm) of the apertures of LB, CW and OW bordered pits of longitudinal tracheids were estimated with the software associated with the Phillips XL 30 ESEM. Aperture area (A; µm 2 ) was calculated as:
where a and b are the diameters of the pit aperture. Tracheids of LB were identified as described for pit frequency.
Number of samples and statistics
We determined k s from 22, 44 and 32 measurements of LB, CW and OW of 10 branch samples, respectively. Cross-sectional areas of tracheid lumina were calculated from 21 (LB), 14 (annual ring center) and 21 (end of annual ring) samples of the underside of branches and 16 (earlywood), six (annual ring center) and 16 (latewood) samples of OW. The frequency distribution of tracheid lumen areas was analyzed based on 3110 OW tracheids and 5431 tracheids on the underside of branches (of 12 and 16 samples, respectively). Estimation of k sLB and calculations using the Hagen and Poiseuille law (Zimmermann 1983; see Discussion) were based on eight OW cross sections and 10 sections from the underside of branches. Mean pit frequency in LB, CW and OW was calculated from measurements of three annual rings from 10 branch samples. Pit apertures were calculated from 30 measurements of three annual rings of LB, CW and OW from five branch samples, respectively. In OW, mean pit apertures and mean pit aperture area included both earlywood and latewood tracheids. All differences were tested pairwise at the 5% probability level by the Student's t test after checking for normal distribution and variance of the data.
Results

Specific hydraulic conductivity (k s )
Specific hydraulic conductivity of the underside of branches was 2.12 ± 0.31 m 2 s -1 MPa -1 × 10 -4 , unless the cannula was inserted in an LB (4.09 ± 0.80 m 2 s -1 MPa -1 × 10 -4 ), equivalent to 26.7 and 51.5%, respectively, of the k s measured in OW. When values were corrected for typical CW areas included in the measurement cannulas (see Materials and methods), the k s of LBs was found to be 80.3% of the k s in OW (Table 1) .
Tracheid transverse sections
Light bands were found in all CW-containing annual rings (Figure 1 ). Light-band tracheids had thin cell walls, an angular outline in transverse section and no intercellular spaces (Figure 2A) . The width of LBs varied from a few to > 10 tracheids in the radial direction.
In lower branch halves, tracheids in the center of annual rings had typical CW characteristics such as roundness (almost circular) in transverse section, and intercellular spaces were often present. However, sometimes the cells were not completely circular so that intercellular spaces were either small or absent (Figure 1) . Last-formed tracheids of CW had an oval outline in transverse section, whereas OW was characterized by angular tracheids ( Figure 2B ).
In OW, mean tracheid lumen areas decreased from firstformed tracheids (318.2 ± 23.3 µm 2 ) to the annual ring center (158.9 ± 23.9 µm 2 ) and to the last-formed cells (79.2 ± 4.7 µm 2 ). On the lower side of branches, differences in lumen areas between the annual ring center (83.2 ± 7.8 µm 2 ) and last-formed cells (60.2 ± 3.6 µm 2 ) were relatively small (but significant), whereas first-formed tracheids had about three times wider lumina (209.3 ± 16.7 µm 2 ; Figure 3 ). Cross-sectional tracheid lumen area in first-formed tracheids was 65.7% that of first-formed tracheids in OW. Mean hydraulic diameter (Kolb and Sperry 1999) was 15.7 µm in LBs and 17.5 µm in earlywood tracheids of OW. Figure 4 demonstrates that the LBs consisted of only a few tracheids compared with the large number of typical CW tracheids on the underside of branches.
Tracheid radial sections
In OW, distinct helical thickenings were present, with the exception of first-formed earlywood tracheids ( Figures 2D and  2F ). In CW, tracheids in the centers of annual rings had spiral striations ( Figure 2E ), whereas the last-formed tracheids had helical thickenings ( Figure 2C ) similar to those of OW latewood. Light-band tracheids had slight spiral patterns in the pits, but overall looked similar to earlywood tracheids of OW ( Figure 2C) .
Frequency of bordered pits in LBs was 3-fold higher than in CW and 1.6-fold higher than in OW (Table 1) . Even the first earlywood tracheids of OW contained fewer pits than LB tracheids ( Figures 2C and 2D ). Pit apertures in LB tracheids were 1.7-fold wider than in CW, but nearly identical to pit apertures in OW (Table 1) . Bordered pits in tangential cell walls were frequently found in the ring border between consecutive annual rings of both CW and OW ( Figures 2C and 2D) ; however, these were excluded from the pit frequency or pit aperture size measurements.
Discussion
The branch CW properties studied corresponded to typical CW characteristics published for conifers (e.g., Necesany and Oberländerova 1967 , Timell 1986 , Burgert et al. 2004 . Light bands were present in all annual rings, but their width varied from just a few tracheids to more than 10 (Figures 1 and 4) . We found no indication that trees near the timberline had any special CW characteristics, although Gindl et al. (2001) reported altitude-dependent changes in tracheid differentiation and lignification.
Hydraulic measurements clearly demonstrated that LBs serve a hydraulic function. Mean k s values of CW and OW were similar to those published by Gartner (1998a, 1998b) , Spicer and Gartner (2002) and Mayr and Cochard (2003) , whereas LBs had higher k s than typical CW. Although 20 MAYR, BARDAGE AND BRÄNDSTRÖM TREE PHYSIOLOGY VOLUME 26, 2006 the cannulas used for these measurements were too wide to measure water flow through LBs only, the presence of LB tracheids in the CW enclosed by the measurement cannulas led to a 2-fold increase in k s when compared with areas containing only CW. Based on the k s of CW regions enclosed in the measurement cannulas, we estimated the k s of LBs to be three times that of CW (Table 1) . The high hydraulic transport efficiency of LBs may be associated with several structural properties of LB tracheids. Light band tracheids were wider than CW tracheids (Figures 3 and  4) , which might account for the observed increased k s . According to the Hagen and Poiseuille law (Zimmermann 1983 , Tyree et al. 1994 , Kolb and Sperry 1999 , the d h of LB tracheids would enable a k s about 64.8% that of OW earlywood; however, the conductivity measurements showed k s of LBs to be 80.3% of the k s in OW. This discrepancy may be associated with OW areas within the measurement cannulas being less conductive than earlywood, and also to low resistances in LBs that are unrelated to tracheid diameter. Pits are important resistances in plant water transport pathways (e.g., Zimmermann 1983) . The wider the pit openings and the greater the number of pits between adjacent tracheids, the lower the transport resistance. The LB tracheids exhibited both wider pit apertures (similar to mean apertures in OW) than CW and an extraordinarily high pit frequency (Table 1) . The pit frequency exceeded the frequency in OW and may therefore be a major contributor to the high k s of LBs. The lack of spiral striations ( Figure 2 ) could also have increased k s . There may be further aspects not dealt with in this study that also influence hydraulic resistance (e.g., the structure and density of the pit margo; Sperry and Tyree 1990) . One might ask why it is advantageous for trees to have conductive regions on the underside of branches. We suggest that the observed conductivity of LBs is necessary to supply water to regions along the distal branch, including living tissues on the underside of branches, particularly needles, but also ray parenchyma, cambium or phloem. Furthermore, wood exhibits spiral grain (e.g., Kubler 1991) . Thus, water flowing through LBs may supply tissues positioned laterally or on the upper side of distal branch regions. In stems, where CW is formed (Wilson and Archer 1977) , LBs probably serve a similar function.
Staining experiments in earlier studies Tyree 1990, Mayr and Cochard 2003) revealed a high resistance to drought-induced embolism of xylem along the annual ring border on the underside of branches (in contrast, typical CW showed a low k s and a high vulnerability to embolism). These areas may be identical to the LBs analyzed in our study. A high hydraulic safety and high hydraulic efficiency indicate that LBs are hydraulically specialized areas that are interspersed among areas of mechanically optimized CW. The properties and functions of LBs identified in this study provide an example of the heterogeneity of wood and its ability to react to different mechanical and hydraulic demands. MAYR, BARDAGE AND BRÄNDSTRÖM TREE PHYSIOLOGY VOLUME 26, 2006 
